In low-permeability gas reservoirs, horizontal wells have been used to increase the reservoir contact area, and hydraulic fracturing has been further extending the contact between wellbores and reservoirs. This paper presents an approach to evaluate horizontal well performance for fractured or unfractured gas wells, and a sensitivity study of gas well performance in low permeability formation. A newlydeveloped Distributed Volumetric Sources (DVS) method was used to calculate dimensionless productivity index for a defined source in a box-shaped domain. The unique features of the DVS method are that method can be applied to both transient flow and pseudo-steady state flow with a smooth transition between the boundary conditions. By describing the geometric dimensions of the sources, productivity index for a horizontal gas well or a longitudinal fracture along a horizontal well is readily calculated. For transverse fractures with infinite conductivity or uniform flux, the superposition principle is used for multiple sources in the system. Wellbore frictional pressure drop is coupled with the inflow calculation from fractures.
Introduction
Development of low permeability gas reservoirs, conventional or unconventional, is one of the solutions to today's energy supply and demanding problem. In low-permeability gas reservoirs, creating flow path is critical, and horizontal wells have been extensively used to increase the reservoir contact area. Hydraulic fracturing can further expand the contact between wellbores and formations. For horizontal wells, with or without hydraulic fracturing, well performance becomes very sensitive to permeability and anisotropic ratio when the reservoir permeability is low. If the vertical permeability is the formation is extreme low (high anisotropic ratio) then the benefit of horizontal wells starts diminishing. In such a case, hydraulic fracturing provides another option to increase well productivity. When hydraulically fracturing a horizontal well, created fractures can be single longitudinal, multiple longitudinal, single transverse, or multiple transverse. The orientation and placement of fractures along a horizontal well greatly affect the performance of the well. Depending on the formation condition and fracturing design, fracture may result in unflavored productivity in some cases, and this has been evidenced in the field. Predicting well performance for fractured and non-fractured horizontal wells can help to bestproduce from low permeability gas formations.
In the past, analytical models have been used to calculate productivity of horizontal well. The models are developed under assumptions about the boundary conditions. Steadystate models assumed a constant pressure at the drainage boundary [1] [2] [3] , pseudo-steady-state models assumed no flow crossing the boundary with either constant pressure gradient or constant flow rate [3] [4] [5] , and transient flow models uses an infinite acting drainage domain [6] [7] [8] . For low permeability formation, flow condition is more likely in the transient period relatively longer before reaches the pseudo-steady state flow condition compared with normal-permeability formations, and the transition from transient flow to pseudo-steady state flow is problematic. There are also analytical models for fracture performance of horizontal wells. Recently, Economides 9, 10 modified the fracture performance models for vertical wells, and used a pseudo-skin factor to account for the converge effect for transverse fractures along a horizontal well. For multiple fractures, drainage area can be divided into sub-area, and no-flow assumption is used between sub-areas.
In this paper, we present a different approach to calculate well productivity for horizontal gas wells with or without fractures. Fractures can be longitudinal or transverse, single or multiple, with infinite conductivity or uniform influx. The well performance is represented by a dimensionless
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productivity, J D . The Distributed Volume Source method 11 is used to calculate J D for different systems. For multiple fractures, the superposition principle is applied to the multiple sources in the system. Wellbore pressure distribution caused by flow into the wellbore from the fractures is defined by coupling the fracture flow with the wellbore hydrodynamic. Finally, material balance is used to predict pressure decline once reached the pseudo-steady state condition. The flexibility of handling different well structures and fracture placement, and smooth-transaction between transient flow and pseudosteady state flow makes the approach comprehensive and extremely easy to use.
Methodology

Method of Distributed Volumetric Sources (DVS).
The DVS method solves the flow problem in a parallelepiped porous medium with a volumetric source υ placed in the domain, as shown in Fig. 1 
Where, for a gas well, the constant C in Eq. 1, in the field units, is
To apply this method for horizontal wells with or without fractures, we define the source term (the location of the source and the geometry dimensions) and the main domain according to each individual physical system. The reference permeability, k, in Eq. 2 is different for horizontal wells with or without fractures, and this will be addressed individually in the following sections.
Horizontal Well. For a horizontal well located in a boxshaped reservoir, the well itself can be simply treated as one source, as shown in Fig. 2 . The length of the source is equal to the horizontal well length, the cross-section area of the source, A s , is equivalent to the wellbore cross-section area, For a horizontal well, if we assume that anisotropy is only in vertical and horizontal direction (k x = k y = k H ), then the reference permeability
is used to calculate the constant C in Eq. 2. In case of three dimensional anisotropy,
Horizontal Well with Longitudinal Fracture. A schematic of longitudinal fracture along a horizontal well is illustrated in Fig. 3 . If the fracture has infinite conductivity, or uniform flux, the fracture itself can be treated as one source in the system. To use the DVS method, the fracture does not have to fully penetrate the formation. In this case, the source length can be the fracture length, and cross sectional area of the source is defined as
where w is the fracture width and h f is the fracture height.
Since the dominated flow to the longitudinal fracture is more likely perpendicular to the fracture, horizontal permeability, k H is used as the reference permeability in Eq. 2. The inflow to the horizontal well in the case of longitudinal fracture is neglected in this study. This assumption is appropriate if the fracture length is close to the horizontal well length. If the longitudinal fracture is significantly shorter than the wellbore, then the inflow into the wellbore should also be considered.
Horizontal Well with Transverse Fractures. Fig. 4 shows an example of multiple transverse fracture case. If there is only one transverse fracture along a horizontal well, and if the fracture is infinitely conductive or with uniform flux, the fracture can still be treated as one source, under the assumption that the fracture is dominating the total production to the well. If multiple fractures are intersecting with a horizontal well, which is more likely the situation, then each fracture can be treated as an individual source and their effects to other fractures are included through superposed pressure drawndown,
The first subscript of the productivity index in Eq. 5 denotes the location that observes the pressure change, and the second subscript denotes the fracture that causes the pressure change. 
For a constant rate constrain, the total rate from all of the fractures are
J Di,j in Eq. 5 are calculated by the DVS method. There are 2N unknowns (q i=1,N and p wf,i=1,N ) in the system. Eq. 7 provides N equations at each fracture location (N observation points); Eq. 8 supplies N-1 equations (N-1 wellbore sections between each pair of conjunct fractures), and Eq. 7 adds one more to a set of 2N equations to solve for the unknowns. Fig. 5 shows an example of productivity calculation for a 2-fracture case. To calculate the well performance, we first let only the fracture 1 exists in the system, which causes a flow rate of q 1 at the location of the fracture 1. This flow results in corresponding pressure changes at both locations of the fracture 1 (Δp 1,1 ) and the fracture 2 (Δp 2,1 ). The dimensionless productivity indexes, J D1,1 and J D2,1 are related to the flow rate and pressure drops as
Similarly, if we only let the fracture 2 exists that produces a flow rate of q 2 , then the pressure changes caused by this flow will be Δp 1,2 at the location of the fracture 1, and Δp 2,2 at the location of the fracture 2. This gives us 
By the superposition principle, the total pressure drawdown at each location should be the sum of pressure drops caused by all the fractures in the system, thus we have 
Finally, the total flow rate from the well will be
Eqs. 14-17 provide the solution for q 1 , q 2 , p wf1 , and p wf2 .
Results and Discussions
The DVS method for well performance is validated first. Once confirmed, the method is used to evaluate the performance for horizontal wells, horizontal wells with longitudinal fractures, or transverse fractures. Synthetic examples are used in this study, and the parameters for the base case are listed in Table  1 .
Validation of the Method. Fig. 6 . The result is satisfying with a difference between the two methods of only 0.37%.
Reservoir Permeability. For low-permeability gas reservoir, reservoir permeability is one of the critical parameters that affect well performance. This includes horizontal permeability and vertical permeability. The effect of permeability sometimes is presented through anisotropic ratio. When using anisotropic ratio, it is important to clarify for different anisotropic ratios if the vertical permeability or the horizontal permeability is changing, realizing that either one can cause anisotropic ratio change. We first examined the effect of vertical permeability on well productivity (Fig. 7) . The horizontal permeability is held constant (0.1 md) in all cases shown in Fig. 7 . The results of production rate as a function of producing time at three different vertical permeabilities, 0.1 md (solid lines), 0.01 md (long-dashed lines) and 0.001 md (short-dashed lines), are plotted for horizontal well without fracture, horizontal well with a fully penetrating longitudinal fracture and horizontal well with 2 transverse fractures. First, for fully penetrating fractures, k H is used as the reference permeability when calculating the dimensionless productivity index (Eqs . 1 and 2) for dominating linear flow to the fractures, thus the change of vertical permeability will not change the well performance. This is shown on Fig. 7 as the overlaid curves of different vertical permeabilities for the two fracture cases. In general, a horizontal well has to have some vertical permeability to produce, and the application loses its attraction when vertical permeability is too low. But for the horizontal wells with fractures, vertical permeability does not affect well performance crucially as it does to non-fractured horizontal wells. Thus, horizontal wells should be fractured when vertical permeability is too low or vertical communication is blocked in the formation.
Also noticed that the higher the vertical permeability (for a fixed horizontal permeability this means a lower anisotropic ratio), the higher the production rate for non-fractured horizontal wells. At the high vertical permeability case (k V = .1 md), the horizontal well performance is very close to the fractured cases for the shown examples, indicating a possible favorite option of horizontal well over fractured horizontal well because of economical benefit.
For fixed vertical permeability, the effect of horizontal permeability on well performance is presented in Fig. 8 . Obviously, the higher the horizontal permeability, the higher the production rate is; for all three cases. Unlike vertical permeability, horizontal permeability affects the performance of fractured wells more than it does to the un-fractured wells. Expressed in the term of anisotropic ratio, k H /k V , we may say that in general fractured horizontal well is more attractive in higher anisotropic ratio formations, and horizontal well without fractures may be more economical in lower anisotropic ratio formations.
Horizontal Well Placement. The structure and placement of horizontal wells is critical for successful applications. For example, the length and spacing of horizontal laterals relative to reservoir drainage dimension will affect the well production. In general, for low-permeability gas wells, longer wellbore length will yield higher production rate, since wellbore pressure drop is relatively small compared with reservoir drawdown. However, in the cases of significant pressure drop in long horizontal wells, multiple shorter horizontal well may be a better choice compared with single long horizontal well. Fig. 9 shows the schematic of two well placement plans. Plan A is for one long-horizontal well, and Plan B is for two short-horizontal wells. The comparison of production performance for two plans is shown in Fig. 10 . For the given base contrition, the two-well placement yields slightly better performance than the single-well placement. This effect can be enlarged or reversed when the reservoir properties change. For example, when the drainage area increases from 80 acre (Fig. 10 ) to 120 acre (Fig. 11) , the production from the two-well plan is about 30% higher than the single-well plan. However, when the reservoir pressure decreases from 4350 psi (Fig. 10) to 2000 psi (Fig. 12) , the single-well plan is very competitive to the two-well plan. Considering drilling, completion and operation cost, single long well is a better development plan.
Fracture Orientation and Placement.
Fractures in horizontal wells have been described as longitudinally or transversely oriented. It is common to create multiple transverse fractures along a horizontal wellbore. To compare the fracture orientation on well performance, we used a fixed total fracture volume. In the ideal case, if the fracture is fully penetrated so that vertical permeability does not affect the performance, and if the fracture is infinitely conductive, the orientation of the fracture will not change the performance under the assumption of k H being equal to k V . In other words, longitudinal fracture and transverse fracture will have same production behavior. Obviously, it is easier to create more fracture volume in the case of transverse fractures because we can place more than one fracture along the wellbore, and thereafter, transverse fracture orientation will be optimal. Further study can readily show that if we release the assumption of k H being equal to k V , it will make significant difference how fracture orients. Ideally, fractures should be created perpendicular to the dominated-permeability direction, but realistically, the formation stress distribution controls the direction of the orientation of fractures.
If fractures are not fully penetrating, vertical permeability does affect the productivity of the well. Again, for a fixed total fracture volume, we study two fracture geometries (Fig. 13) . The tall fracture fully penetrates the formation thickness with shorter fracture length, while the long fracture covers the wellbore length but partially penetrating in the vertical direction. The longer fracture has higher productivity than the taller fracture (Fig. 14) with a reasonable vertical permeability, especially in the transient period. Thus, if the total volume of a fracture is fixed, we can scarify some fracture height for increased fracture length to get higher productivity. This advantage of longer fracture will diminish as vertical permeability decreases.
Conclusions
The DVS method was used to study the horizontal well performance in low-permeability formation, with or without fracturing. The method predicts dimensionless productivity index in a smooth and flexible manner. The effects of formation permeability, well placement and structure, and fracture orientation and placement are studied after the physical model is set for the DVS method. We have drawn the following conclusions based on this study:
1. Vertical permeability has strong effect on horizontal well productivity when the well is not fractured. When vertical permeability is too low, horizontal wells lose their advantage. 2. At low reservoir pressure or large drainage area, multiple horizontal wells help increase productivity compared with single, long horizontal well. 3. Vertical permeability does not change well performance if the horizontal well is fractured, and the fracture is fully penetrating through the formation thickness. 4. For longitudinal fractures, partially penetrating long fractures perform better than fully penetrating short fractures when vertical permeability is not too low. 5. Compared with longitudinal fracture, transverse orientation can place more fractures along a horizontal well, and therefore is more attractive in lowpermeability formation.
Nomenclature A s = cross-section area of source term, ft 2 C = constant in Eq. 2, dimensionless D = tubing diameter, in f f = frictional factor, dimensionless h = thickness of the formation, ft h f = fracture height, ft k = reference permeability, md k H = horizontal permeability, md k V = horizontal permeability, md J D = dimensionless productivity index P re = reservoir pressure, psi p wf = wellbore flowing pressure, psi Δp = pressure drawndown, psi Δp wellbore = wellbore pressure drop, psi q = flow rate, bbl/day q i = flow rate from fracture i, bbl/day q t = total flow rate, bbl/day r w = wellbore radius, ft T = temperature, ºR w = fracture width, ft Z = compressibility of gas, dimensionless γ g = specific gas gravity, dimensionless μ = viscosity, cp Only fracture 1 exists
Only fracture 2 exists 
